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Abstract: 
 
Enterococcus faecalis is a Gram-positive aerotolerant anaerobic bacterium primarily 
found as a member of the human and animal intestinal flora. Enterococcus faecalis along with 27 
other species comprise the genus Enterococcus. Out of the whole genus E. faecalis and E. 
faecium are the second most common nosocomial cause for urinary tract and wound infections. 
The treatment of the infections is made even more complex due to E. faecalis resistance to last-
resort drugs like vancomycin. An inverse relationship has been observed in the species between 
antibiotic resistance and presence of the CRISPR-cas locus. CRISPR-Cas (clustered, regularly 
interspaced short palindromic repeats and associated Cas proteins) systems function as an 
adaptive and specific immune response for many Bacteria, including Enterococcus faecalis. The 
CRISPR-Cas system incorporates a small segment of  foreign DNA into the spacer regions in the 
bacterial chromosome, which allows for future targeting and defense against the phage. Three 
CRISPR systems have been identified in E. faecalis, two of them with corresponding Cas 
proteins (CRISPR1-Cas and CRISPR3-Cas) and one without (CRISPR2). CRISPR2 is assumed 
to be an orphan locus and is thought to be inactive due to the lack of associated Cas proteins. As 
it is presumed to lack a beneficial function, a reason for the high level of conservation of 
CRISPR2 loci in E. faecalis remains unknown. One hypothesis is that CRISPR2 can interact 
with Cas proteins from other CRISPR types (CRISPR1 or CRISPR3),  which can insert spacer 
DNA from lytic phage into its genome. To test this hypothesis, E. faecalis lytic bacteriophage 
was isolated from an activated sewage sample obtained at Deer Island Water Treatment Plant 
and used to challenge E. faecalis strains containing different arrangements of CRISPR-Cas 
systems (CRISPR1-Cas/CRISPR2 and CRISPR2 only). Bacteriophage-resistant strains were 
generated by mixing a high concentration of phage with E. faecalis strains containing different 
CRISPR system combinations. Strains surviving the phage challenge were further tested to 
ensure that they were resistant to the phage. CRISPR arrays in both the original and the resistant 
bacterial strains were PCR-amplified. The wild type and the mutant array PCR products were 
sequenced and examined for new spacers, indicating CRISPR adaptation for phage resistance of 
the mutant strains. No spacer acquisition was observed in the mutant strains compared to the 
original, indicating that CRISPR2 was not involved in phage-resistance. 
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Introduction: 
Enterococcus faecalis is a Gram-positive aerotolerant anaerobe bacterium primarily 
found in human and animal intestinal flora. It is part of a larger group of Enterococci bacteria 
that thrive in environments with a broad range of pH, salinity, and temperatures. Enterococcus 
faecalis along with Enterococcus faecium are two of the 28 known enterococci species that find 
their niche in a human gut (Fisher & Phillips, 2009). The bacteria can also populate 
environments such as soil, animals, plants, water, and food (Da Silva et al., 2006). E. faecalis is a 
virulent bacteria as a result of its ability to adhere to many extracellular matrix proteins, urinary 
tract epithelia, and epithelia of the oral cavity (Franz et al., 1999). It is for that reason that the 
bacteria are the second most common nosocomial cause for urinary tract and wound infections 
and third most common cause of bacteremia (De Fátima Silva Lopes et al., 2005). Until 1984 
Enterococcus faecalis was thought to belong to streptococci genus but as a result of 16s rRNA 
sequencing it, along with eight other species, were moved to Enterococcus genus (Foulquie 
Moreno et al., 2006). The treatment of the infections is made even more complex due to E. 
faecalis resistance to last-resort drugs like vancomycin (Palmer & Gilmore, 2010). 
CRISPR-Cas functions as a specific immune response for many Bacteria and stands for 
clustered, regularly interspaced short palindromic repeats and associated Cas proteins. CRISPR-
Cas system incorporates a small part of the bacteriophage DNA into the spacer regions on the 
bacterial DNA, which allows for future identification and defense against the phage (Barrangou, 
2007). An inverse relationship has been observed in the species between the antibiotic resistance 
and presence of CRISPR-cas locus by targeting the DNA (Marraffini & Sontheimer, 2008). 
Three CRISPR systems have been identified in E. faecalis, two of them with a corresponding 
Cas protein (CRISPR1-Cas1 and CRISPR3-Cas9) and one without (CRISPR2). The relationship 
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found indicated that antibiotic resistance is highest in E. faecalis that do not contain a Cas 
protein because of the lack of target region by the antibiotic (Rath, Amlinger, Rath, & Lundgren, 
2015). CRISPR loci contain repeat sequences of roughly 36 basepairs and are separated by 
different spacers. Spacers are unique sequences of roughly 30 basepairs derived from foreign 
DNA such as viruses or plasmids. The general mechanism of how CRISPR-Cas system works 
can be grouped into three stages as seen in Figure 1. The first stage is known as the adaptation, in 
which new spacers are acquired by the bacterium into their CRISPR locus. During the second 
stage the expression of the cas gene by transcription of the CRISPR into precursor CRISPR 
RNA (pre-crRNA) occurs. The pre-crRNA is then processed to produce CRISPR RNA with Cas 
proteins. The third stage is known as the interference stage, which uses an almost exact 
complementary strand of the protospacer-crRNA  known as the protospacer adjacent motif 
(PAM) sequence to distinguish between the 
bacteria and an invader and ensure the CRISPR 
system cannot attack its own locus (Mojica, 
Díez-Villaseñor, García-Martínez, & Almendros, 
2009). After all three stages have taken place, the 
targeted nuclei acid of the invader can be 
attacked and degraded by actions of Cas proteins 
and CRISPR RNA (Garneau et al., 2010). 
CRISPR 2 is termed an orphan locus and 
is thought to be inactive due to the lack of an 
associated Cas protein (Palmer & Gilmore, 
2010). However, the question then arises why 
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CRISPR2 locus is so conserved if it does not have any beneficial function. Without a Cas 
protein, CRISPR2 should not be able to incorporate a phage DNA into its genome. The 
hypothesis is that CRISPR2 can interact with Cas proteins from other CRISPR types (CRISPR1 
or CRISPR3) and thus insert spacer DNA from lytic phage into its genome. The hypothesis that 
different CRISPR systems interact when present together will also be simultaneously tested. To 
test the hypotheses, three different strains of E. faecalis were used each with a different CRISPR-
Cas combination. The three strains were AS035 (CRISPR/Cas 2), MWRA22 (CRISPR/Cas 1 and 
2), and MWRA37(CRISPR/Cas 1) as shown in Figure 2. 
 
 
 
 
 
 
 
 
 
 
Methods: 
 The three strains of Enterococcus faecalis used in the study were previously 
isolated from sewage samples at Deer Island Water Treatment Plant located in Winthrop 
Massachusetts. The virus with which the three strains were infected was also isolated from 
another sewage sample from the same facility following the modified bacteriophage isolation 
Figure 2: CRISPR loci present in E. faecalis isolates: Homologues genes are shown as 
grey arrows, CRISPR locus genes are shown as white arrows and CRISPR spacers are 
shown as black diamonds with possibilities of spacer acquisition are starred. Figures 
modified from (Palmer and Gilmore, 2010).   
MWRA37 
MWRA22 
AS035 
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protocol (Otawa, Hirakata, Kaku, & Nakai, 2012). An archived sample of AS003 bacterial strain 
was inoculated in 2ml of tryptic soy broth (TSB) at 37°C overnight. One percent inoculum of the 
overnight culture into new TSB was performed and incubated for four hours in a 37°C incubator 
to achieve log-phase growth. 1ml of the log-phase host culture was then added to 5ml sample of 
activated sludge from Deer Island Water Treatment Plant and 5ml of TSB. The mixture was then 
inoculated at 37°C for 8 hours. This enrichment was then centrifuged at 13,000 rpms on a bench-
top centrifuge for 10 minutes. The supernatant was filtered through a 0.2-μm pore-size 
membrane filter.  
0.8ml of the lysate (filtrate) was then inoculated with 0.8ml log-phase host culture for 10 
min at 37°C. The lysate and bacterial culture mixture were serially diluted by ten-fold dilution to 
a 10-6 dilution. Dilutions (0.9ml) were added to 1.6ml 0.65% soft trypticase soy agar (TSA) 
separately, inverted, mixed and poured on top of a 1.5% TSA plate. The plate was incubated 
overnight at 37°C. A single isolated plaque was sampled with an inoculation loop and mixed into 
10 ml of TSB and 1ml log-phase host culture and incubated at 37°C overnight. The overnight 
culture was then centrifuged at 13,000 rpms for 10 minutes and filtered through a membrane 
filter to remove large bacteria. 
Lysate test was then performed by mixing 100 microliters of log-phage bacteria with 1.5 
ml of TSB and incubating for 10 minutes at 37°C. 1ml of the mix was then added to 1.5ml of 
0.65% TSA and layered over 1.5% TSA plate and allowed to cool on bench top for 15 minutes. 
After solidification of the top layer, 10 microliters of phage containing lysate was dropped on 
one side of the plate while 10 microliters of ΦKKAS003 phage was dropped on the other side as 
positive control. The plate was then tilted and lysates allowed to run down. The plate was then 
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incubated at 37°C overnight to observe clearing in the bacterial lawn indicative of phage lytic 
activity. 
Titer for ΦABAS003 was conducted by first diluting the phage in ten-fold dilutions until 
reaching a concentration of 1*10-6. Phage resistant (mutant) AS003 bacterial lawn was created 
once again over 0.65% TSA plate. 10 microliters of ΦABAS003 dilutions starting from stock to 
1*10-6 dilution was dropped on the phage resistant AS003 plate and incubated overnight at 37°C. 
A loop-full of archived Enterococcus faecalis strains AS035, MWRA22, and MWRA37 
were inoculated into 2ml TSB and incubated overnight at 37°C. All the same steps were 
followed as previously to generate log-phase bacterial strains. 100 microliters from each of the 
three log-phase containing bacterial strains were mixed with 1.5ml TSB and incubated at 37°C 
for 10 minutes after which the contents were added to 1.5ml 0.65% molten TSA. After mixing 
the contents they were layered over 0.65% TSA plate and allowed to cool for 15 minutes. 10 
microliters of undiluted ΦABAS003 were dropped one each of the three plates three times and 
incubated at 37°C overnight to check whether the phage will lyse the bacteria. 
100 microliters of each of the three strains were then mixed with 100 microliters of 
undiluted ΦABAS003 and incubated at 37°C for 10 minutes. 100 microliters of each mix were 
then mixed with 900 microliters TSB and then 2.5ml 0.65% molten TSA. Each tube was mixed 
and layered over 0.65% TSA plate and incubated at 37°C overnight to generate phage-resistant 
bacterial growth for each strain. 
One colony of each of the three mutant strains resistant to ΦABAS003 were streaked on 
enterococcel agar plates and incubated at 37°C overnight to rule out contamination, since only 
Enterococci can grow on the plates. 
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A loop-full of bacterial lawn from each of the three phage-resistant plates was then 
incubated in 2ml TSB to generate log-phase bacteria and create ΦABAS003-resistant bacterial 
lawn for all three E. faecalis strains following previously explained technique. 10 microliters of 
undiluted ΦABAS003 were dropped one each of the three plates three times and incubated at 
37°C overnight to verify phage resistant bacteria. 
Genomic DNA extraction was conducted by picking up a single colony from each of the 
plates containing both phage-resistant and sensitive bacterial cultures and inoculating it into 
1.5ml TSB and incubating at 37°C overnight. The DNA of the overnight culture was then 
extracted with the MoBio Laboratories, INC. UltraClean® Microbial DNA Isolation Kit 
following the manufacturer’s protocol.  
Polymerase Chain Reaction was then used to amplify the CRISPR2 regions for both the 
phage sensitive and resistant strains containing CRISPR2 (total of four) following PCR for 
Enterococcus 16S rRNA protocol (Muyzer & Uitterlinden ,1993). Platinum Hot Start PCR 2X 
Master Mix purchased from ThermoFisher Scientific was used for the PCR mastermix. The 
CRISPR2 array primers used were designed by Palmer and Gilmore, 2010 and obtained from 
ThermoFisher Scientific. 
Gel electrophoresis was then conducted using a 0.9% gel to separate and confirm the 
presence of CRISPR2 regions in the two original strains as well as then two phage-resistant 
strains (MWRA22, MWRA22mut, AS035, and AS035mut). 
The DNA of the four strains of E. faecalis containing CRISPR2 arrays were then 
prepared according to Eton Bioscience Protocol and sequenced by Eton Bioscience in 
Charlestown, MA. The sequences were then curated and analyzed. 
 
 11 Figure 5. Titer for ΦABAS003 
Results: 
  After isolation of a bacteriophage containing lysate, the overlay method generated 
plaques indicative of phage lysing E. faecalis strain tested (Figure 3). A plaque generated on a 
1*10-3 dilution plate was used for re-inoculation. 
Lysate screening conducted for both ΦKKAS003 and the newly isolated ΦABAS003 
showed phage lytic activity as a result of clearing in the bacterial lawn as seen in Figure 4. 
 
ΦABAS003 titer was conducted to calculate the  
number of viruses present in a milliliter of lysate that  
are capable of forming plaques, known as PFU/ml.  
Figure 5 shows the titer results where a dilution  
of 1*10-5 generated fifteen plaques. By conducting  
the PFU calculation:  
Figure 3. ΦABAS003 generated plaque Figure 4. Lysate screening for 
ΦABAS003 and ΦKKAS003 
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PFU/ml = 15/(0.0000)*(0.01) = 150,000,000 = 1.5*108 PFU/ml the PFU for ΦABAS003 was 
calculated to be 1.5*108 PFU/ml.  
 After re-inoculating the three strains containing different combinations of CRISPR/Cas a 
spot test for each strain was conducted to verify the sensitivity to the ΦABAS003 as seen in 
Figure 6. All three strains were lysed by the new phage indicative of their sensitivity to the virus. 
 
 After the generation of ABAS003 phage-resistant strains the bacteria was once again 
layered over a TSA plate and ΦABAS003 spot test performed again to confirm the resistance to 
the phage. All three spots on each plate where the phage was dropped grew a bacterial lawn 
without any lysing indicating that the bacteria was in fact resistant to the newly isolated phage 
(Figure 7). 
Figure 6. ΦABAS003 spot tests for the three different E. faecalis strains 
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 Polymerase Chain Reaction conducted to amplify the CRISPR2 array in both the sensitive 
and phage-resistant AS035 and MWRA22 E. faecalis bacteria used CRISPR2 primers obtained 
from Invitrogen, ThermoFisher Scientific with the primer sequences according to Table 1. 
 
CRISPR2 Forward Primer CTGGCTCGCTGTTACAGCT 
CRISPR2 Reverse Primer GCCAATGTTACAATATCAAACA 
Table 1. CRISPR2 Array primers used for PCR 
 
The four different strains along with a positive control OG1RF all containing a CRISPR2 
region in their DNA after having undergone a Polymerase Chain Reaction were separated by size 
using gel electrophoresis technique. All five of the strains had confirmed the presence of a 
CRIPR2 array according to Figure 8. 
 
 
 
 
Figure 7. ΦABAS003 spot tests for the three different phage-resistant E. faecalis strains 
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 The acquired sequences for the repeats and spacers of CRISPR2 array for the four strains 
using CRISPRfinder showed several one base-pair mutation within the repeat sequence of the 
original strain that was also present in the mutant strain (Grissa et al. 2007). No new nucleotide 
acquisition was observed in the spacer or repeat region of the mutant strains as shown in Figures 
9 – 12. 
Figure 9. AS035 sequence for the repeat region highlighted in yellow and the spacer region in five different colors. 
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Figure 12. MWRA22mutant sequence for the repeat region highlighted in yellow and the spacer region in four different colors. 
 
 
 
 
 
 
 
 
 
 
Figure 10. AS035mutant sequence for the repeat region highlighted in yellow and the spacer region in five different colors. 
Figure 11. MWRA22 sequence for the repeat region highlighted in yellow and the spacer region in four different colors. 
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Blasting all four complete genomes of the four strains resulted in a 90% identity with an 
E-value of zero with Enterococcus faecalis ATCC29212 strain whose whole genome has been 
sequenced. Blasting the five-spacer regions of the AS035 and the identical spacer regions of 
AS035mutant strains generated a 100% identity with an E-value of 1e-06 with Enterococcus 
faecalis str. Symbioflor 1 with all five spacers. Blasting the four-spacer regions of the MWRA22 
and the identical spacer regions of MWRA22 generated correlation at different identity 
percentage with either other bacteria or fungi as seen in Figures 13 – 16. 
 
 
 
 
 
 
 
Discussion: 
Figure 13. MWRA22 spacer 1 highest matched to Microtus ochrogaster eukaryote. The organism name is 
displayed in blue. Left to right the numbers indicate: Max score, Total score, Query covered, E value, and 
identity percentage. 
Figure 14. MWRA22 spacer 2 ighest matched to Bacillus cytot xicus bacterium. 
Figure 15. MWRA22 spacer 3 highest matched to a different strain of Enterococcus faecalis bacterium. 
Figure 16. MWRA22 spacer 4 highest matched to a Leptosphaeria biglobosa fungus. 
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 The plaque generated from ΦABAS003 lysing the host AS003 Enterococcus faecalis 
strain indicated the virus is virulent and can be used to infect other strains. The clearings 
observed for the spot test of the phage on AS035, MWRA22, and MWRA37 lawns indicated that 
the bacterial strains are susceptible to the virus infection and are lysed as a result. The surviving 
bacteria post mixing of the phage with susceptible strains generated phage-resistant mutants of 
the original strains. Spot test confirmed the ΦABAS003 resistance of AS035mutant, 
MWRA22mutant, and MWRA37mutant. 
 Successfully conducted PCR for the CRISPR2 array confirms the retention of the 
CRISPR2 region on the bacterial mutant DNA. Having sequenced the CRISPR2 region of both 
the original (phage-sensitive) and the mutant (phage-resistant) strains of MWRA22 and AS035 
no change has been observed in the sensitive and resistant CRISPR2 arrays. This indicated that 
the phage-resistance has been gained through a mechanism other than CRISPR2 region DNA 
acquisition of the ΦABAS003 bacteriophage. 
The 100 percent identity match of the CRISPR2 spacers present in both AS035 and 
AS035mutant strains with Enterococcus faecalis ATCC29212 strain demonstrates the highly 
conserved nature of the locus. It is probable that the two strains either share a common ancestor 
that encountered environmental pressures which resulted in the spacer acquisition or that the two 
strains individually encountered the same virus and thus gained identical spacers.  
As a result of the CRISPR1 region not being able to be amplified either due to 
degradation of the region or to other sources of error, it cannot be established whether or not 
CRISPR1 was involved in the gaining of the resistance to the phage. Other virus defense 
mechanisms common to bacteria could be responsible for the resistance, such as the restriction-
modification system that utilizes bacterial restriction enzymes that recognize and rapidly degrade 
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unmethylated viral DNA that enters the host cell (Labrie, 2010). Other defense mechanisms such 
as the prevention of phage adsorption or Sie-system responsible for the prevention of phage 
DNA entry into the host cell for some Gram-positive bacteria could also be responsible. 
However, the activity of other defense mechanisms in Enterococcus faecalis was not studied in 
this research. 
 
Conclusion: 
  A bacteriophage was isolated from a sewage sample that could infect and lyse 
Enterococcus faecalis. Mutant strains were then generated that were resistant to the virus. Upon 
sequencing and analyzing the CRISPR2 array no new DNA acquisition was observed in the 
region. This indicates that CRISPR2 locus was not involved in the phage-resistance mutation and 
may be an orphan locus. 
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